Control data were assigned a value of 100 in order to compensate for individual differences between animals with respect to the size and shape of the chest and body, elastic factors, and thoracic transmission characteristics.
• Since the last century, the mechanisms which determine the intensity of the heart sounds, particularly of the first heart sound, have been extensively debated in both clinical and experimental fields. These discussions have been summarized by various authors. 1 " 6 However, the mode of sound production within the cardiac "field" is so complex that none of the theories advocated has been completely satisfactory up to the present time. 0 ' 7 Physically, sound is produced by a force which throws structures into vibration. Whatever the origin, the cause of the heart sounds must be a force or energy generated within the heart, the great vessels, or both. Earlier work in this laboratory revealed that the first rapid vibrations (main component) of the first heart sound followed A-V valve closure by 28 to 30 msec 8 and that these vibrations coincided in time with the rapid rise of ventricular (primarily left) pressure. 9 ' 10 Thus, it seemed likely that the same force operating during isovolumetric contraction might be responsible for both the intraventricular pressure changes and the sound vibrations. If this is true, the resultant sound energy and the intraventricular pressure changes should show a positive correlation. In view of these considerations, the present study was undertaken to determine whether the amplitude of the first heart sound could be quantitatively related to a force function of ventricular pressure rise. The functions tested were the first and second time derivatives (rate of change, and rate of rate of change) of ventricular pressure.
Methods
Experiments numbering 110 and including 16 different types were done in 51 adult, male, mongrel dogs weighing from 18 to 25 kg. The dogs were lightly anesthetized with sodium pentobarbital* (12.5 mgAg iv) 30 minutes after premedication with subcutaneous morphine sulfate (10 mg/kg), and were fully heparinized (10 mg/kg). Supplemental morphine (5 mg/kg) was given at two-hour intervals. Additional small doses of sodium pentobarbital were given when required.
PRESSURE TRACINGS AND THEIR DERIVATIVES
Under fluoroscopy, side-hole pressure catheters (no. 10, 50 to 100 cm) were inserted through peripheral vessels (femoral or carotid arteries and femoral or jugular veins) into the left and right cardiac chambers or main arteries. In every instance the left ventricular pressure was recorded, and one or two other tracings, such as aortic, left atrial, right ventricular or pulmonary artery pressures, were chosen according to the type of experiment. The left atrial pressure was obtained by the transseptal route using a Brockenbrough catheter. All pressures were recorded by means of Statham pressure transducers (P23Db). When comparison of pressures was necessary, the base lines were superimposed and pressure pulses were amplified equally to give, on the film, 1 mm deflection per mm Hg pressure or a multiple of this value. The strain gauges were positioned at the level of catheter tips, and the base lines were frequently checked during the experiment. The catheters were flushed with heparinized saline prior to each experimental procedure, and particular attention was paid to avoidance of pressure distortion or other artifacts. The frequency response of the catheter-transducer-recorder system 46 SAKAMOTO, KUSUKAWA, MACCANON, LUISADA was flat to 45 cycles/sec with a transmission delay of 5 msec. Overshooting encountered occasionally at 50 cycles/sec was eliminated by a 25-cycles/sec low-pass filter (12 db/octave) which added an additional 3 msec delay to the system.
A tracing of the first derivative of left ventricular pressure, i.e., of the rate of change of pressure, was obtained by linear differentiation of the pressure signal to 50 cycles/sec using an RC analog computer. The first derivative of either right ventricular or aortic pressure was also recorded. In some experiments, a tracing of the second pressure derivative, i.e., of the rate of change of the first derivative, was recorded in addition to the first derivative. The first derivative was calibrated in mm Hg/sec utilizing the triangular wave form output of a low frequency oscillator.
PHONOCARDIOGRAMS
External phonocardiograms were obtained using a Sanborn dynamic microphone with a 2.5cm open-bell chest-piece placed on the point of maximal intensity of the first heart sound, usually near the apex of the heart. This microphone was fastened to the shaved chest wall by a rubber strap and kept at the same point during the entire experiment, so that changes due to resetting of the microphone were excluded. For the investigation of right side heart sounds, an intracardiac phonocardiogram was recorded using either a barium titanate phonocatheter (American Electronics Laboratory) or a Dallons Telco micromanometer with the tip in the right ventricle. The outputs of these systems were fed into a Sanborn phonocardiograph with a highpass filter of either 12 or 24 db/octave and a nominal frequency cut-off (-3 db point) of 100 and 200 cycles/sec (occasionally also 50 cycles/sec).
ELECTROCARDIOGRAM AND RESPIRATION TRACING
The electrocardiographic lead showing distinct Q and P waves was recorded. A respiration tracing was recorded throughout the experiments with a pressure transducer connected to a rubber bellows wrapped around the boundary between chest and abdomen.
RECORDINGS AND MEASUREMENTS
Left ventricular pressure (LVP) and one or two additional pressure tracings, the first derivatives of left (LVPD) and right ventricular (RVPD) or aortic (AoPD) pressures, the second derivative of left ventricular pressure (2nd-LVPD), external phonocardiogram, and respiration tracing were simultaneously recorded using an 8-channel Sanborn photographic oscillograph. The paper speed was 200 mm/sec. Tracings were obtained repeatedly before, during, and after each experimental procedure. Tracings marred by artifacts due to occasional movements of the animal were not considered for measurement.
Ventricular systolic and end diastolic pressures were measured. The maximal deflection occurring during the rapid rise of ventricular pressure in the tracing of the first derivative (LVPDM) was measured in mm Hg/sec. The amplitude of the first heart sound (I) was expressed as the peak-to-peak value in millimeters. In most cases, this measurement was confined to the first rapid vibration; but if separate components could be clearly distinguished, the amplitude of the other components was also measured. During control periods, sound amplifier gains were adjusted to give peak-to-peak I deflections of 2 to 3 cm if an increased amplitude was anticipated during the experimental procedures. Control gain settings to obtain 6 to 10 cm deflections were used when decreased amplitudes were anticipated. Once adjusted, the gain settings were not altered throughout the experiment.
All measurements were made on cardiac cycles occurring at the end of the expiratory pause in order to minimize variations in thoracic transmission due to respiratory position. In exceptional cases, in which extreme tachycardia, bradycardia, or tachypnea complicated matters, each parameter was measured in those beats which fell in the same phase of the respiratory cycle. All variables were calculated as percentage change from control,* and statistical analyses were done to estimate the correlation coefficient and the statistical significance.
SPECIAL PROCEDURES
In order to modify cardiac dynamics, the following procedures were used:-Group i: Intravenous administration of drugs diluted in 10 to 20 ml of saline.
Z-epinephrine, 0.1 to 0.3 cc of 1:1000 solution levarterenol (norepinephrine), 7 to 15 /tigAg phenylephrine, 0.5 to 1.0 mg isoproterenol, 0.02 to 0.4 mg methoxamine, 0.02 to 0.2 mg/kg veratrine, 1.0 to 1.5 /ng/kg vasopressin (Pitressin), 20 to 80 units histamine, 1 to 3 mg atropine, 0.7 to 2.0 mg Group ii: Mechanical obstruction of great ves,sels. This was done by means of balloon catheters placed in either the aortic root, the main pulmonary artery, one pulmonary artery, or both venae cavae. The duration of complete occlusion ranged from 10 to 30 sec.
Group HI: Other methods.
(1) Myocardial infarction: Copolymer beads (styrene divinylbenzene) were injected into the coronary arteries using either coronary artery catheterization or a combined method of aortic catheterization and inflation of a balloon placed distal to the opening of this catheter.
(2) Experimental aortic insufficiency: Leaflets of the aortic valve were ruptured by means of a metal catheter introduced through the right carotid artery.
(3) Hemorrhage: An amount of blood corresponding to 5% of body weight was slowly removed from both femoral arteries.
(4) Infusion of saline: 500 ml of saline were rapidly infused into the pulmonary artery or left atrium through a catheter.
All procedures were done in a sequence according to the expected duration of action and severity of effect. Each procedure was usually completed within 15 to 20 minutes, except in the case of hemorrhage. In many dogs two or three different procedures were used, each one being started only after a complete return to control conditions.
Results
Early in this study, an apparent linear relationship between the rate of rise (first derivative) of left ventricular pressure and amplitude of the first heart sound was recognized. On the other hand, the rate of rate of rise (second derivative) to first sound amplitude showed only a hyperbolic tendency. Hence most of this study was concentrated on testing the former relationship.
CONTROL TRACINGS
As stated in previous reports, 8 ' 9 the initial rapid vibration of the main component of the first heart sound coincided with, or occurred just after, the initial phase of the rapid rise of left ventricular pressure. The same was true for the early systolic wave of the first derivative of left ventricular pressure ( fig. 1 ). LVPDM values were always three or four times greater than those of RVPDM. As in previous work, the RV contribution to the first sound seemed to be minimal. First sound amplitudes of end-expiratory pause beats were relatively constant in each experiment. The maximum range of variation was ± 5% but usually much less.
/-epinephrine (6 dogs; 16 experiments)
Tachycardia was observed in all except one instance, in which slight bradycardia occurred after a minimal dose. Every parameter increased except the P-R interval, which decreased. Occasionally the increases of both I and LVPDM were quite marked.
Levorterenol (norepinephrine) (6 dogs; 11 experiments)
Small doses caused bradycardia. LVP markedly increased, whereas the amplitude of I and that of LVPDM increased but slightly. With larger doses, heart rate, LVP, LVPDM and the amplitude of I all increased ( fig. 1 ). The P-R interval increased with small doses but decreased with larger doses. Premedication with atropine greatly enhanced the effect of levarterenol on I, LVP, and LVPDM.
Atropine (2 dogs; 2 experiments)
Atropine itself was followed by tachycardia and abbreviation of P-R. LVP remained unchanged while LVPDM and I were either unchanged or increased slightly (<50%). RVP and RVPDM changed in the same way as the same parameters on the left side.
Isoproterenol (9 dogs; 14 experiments)
I and LVPDM increased markedly whereas LVP remained either the same or changed only slightly ( fig. 2 ). The heart rate increased slightly or remained unchanged. The P-R interval remained essentially the same.
Methoxamine (8 dogs; 14 experiments)
Marked bradycardia was produced and a decrease of I and LVPDM ( fig. 3 ). LVP increased and the P-R interval was slightly prolonged.
Phenylephrine (2 dogs; 2 experiments)
The results were similar to those of methoxamine.
Histamine (3 dogs; 4 experiments)
Progressively greater hypotension, tachycardia, and prolongation of the P-R interval were observed. I, LVP, and LVPDM gradually decreased. In two experiments, there was --sec lstDerivLVO 8 
. Verotrine (3 dogs; 4 experiments)
All parameters gradually decreased. The heart rate also decreased and the P-R interval became shorter. A gradual recovery with bradycardia and minor rebound was observed in one case.
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Vasopressin (Pitressin) (3 dogs; 4 experiments)
The heart rate and the P-R interval remained essentially unchanged. RVP and RVPDM were significantly elevated but LVP, LVPDM, and I showed only slight increases.
Myocardiol Infarction (4 dogs; 4 experiments)
Even though transient increases of I and LVPDM were initially noted, the general trend was a decrease of LVP, LVPDM, and I with an increase of heart rate and end diastolic pressure in the left ventricle ( fig.  5 ). The P-R interval usually became shorter.
Occlusion of Superior ond Inferior Venae Cavae (3 dogs; 6 experiments)
Temporary occlusion of the cavae always caused a decrease of LVP, LVPDM, and I and an increase of heart rate. Usually the P-R interval did not change significantly. In one case, the progressive shortening of P-R interval was observed during the procedure but this marked change failed to interfere with the usual changes of I and LVPDM. A marked rebound followed release of the occlusion.
Pulmonary Artery Occlusion (5 dogs; 14 experiments)
In the left heart the results were similar to those of caval occlusion while RVP and RVPDM increased markedly. However, the first sound, recorded within the right ventricle, decreased in a fashion similar to the decrease in intensity of the external first sound ( fig. 6 ). At this time, RVP was doubled and slightly higher than LVP. After occlusion was released, a rebound of left ventricular measurements and of the amplitude of the external first sound was observed. At the same time the right ventricular parameters returned to normal and the intensity of the right ventricular first sound increased slightly. During the procedure, the P-R interval did not change much and the heart rate increased only slightly. When one branch of the pulmonary artery was occluded, RVP, RVPDM, and I increased whereas LVP, LVPDM, and external I did not change significantly.
Rapid Infusion of Saline (3 dogs; 3 experiments)
This increased LVP, LVPDM, RVP, RVPDM; heart rate and I increased also. In one experiment the heart rate did not change significantly while both I and LVPDM increased.
Aortic Occlusion (4 dogs; 8 experiments)
During the occlusion LVP, LVPDM, and I increased progressively but correlation with changes of P-R interval or heart rate was not observed. Occasionally transient decreases of both LVPDM and I with increased LVP were observed during the initial stage of occlusion (fig-7 ).
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Hemorrhage (2 dogs; 2 experiments)
Although the first sound decreased promptly after a small hemorrhage, LVP, RVP, and other parameters did not change as rapidly. Only LVPDM decreased in proportion with the decrease of the first sound. There was a moderate increase of LVPDM and of I in the terminal stages accompanied by lower LVP and nodal bradycardia.
Experimental Aortic Insufficiency (2 dogs; 2 experiments)
Acutely produced aortic insufficiency caused a moderate increase of LVP, LVPDM, and I. Other parameters did not change significantly. In some stages, LVPDM and I increased or decreased slightly without a parallel change of LVP. With extreme insuffi-
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During Aortic Occlusion ciency, when the end diastolic pressure levels in both the aorta and the left ventricle were the same, a large I and high LVPDM were still present.
RELATIONSHIP OF THE INTENSITY OF THE FIRST HEART SOUND TO THE OTHER VARIABLES
Throughout these experimental alterations of cardiodynamics, a significant correlation between LVPDM and amplitude of I was observed ( fig. 8 ). With extreme increase of LVPDM (over 200% increase, i.e., two times bigger than control), a further increase was accompanied by increase of I which was slightly greater than expected. Some correlations were found between the first sound and either the R-R, P-R, LVP, LVEDP or Q-I interval, but these relationships were not consistent throughout all the various experimental conditions.
EFFECT OF ARRHYTHMIAS
During these procedures premature beats were encountered occasionally. A more detailed analysis related to other arrhythmias will be presented elsewhere. In premature beats the only conclusive relationship of I to other variables was that of peak LVPD. Irrespective of the loudness of the extrasystolic I, the postextrasystolic beats always showed large I amplitudes with increased LVP, LVPDM, R-R, and LVEDP, but without significant changes in P-R interval.
Discussion
It is well known that the first heart sound has different intensities in normal subjects, in patients, and under different circumstances. Early workers ascribed such variations primarily to alterations in the vigor of cardiac contraction [10] [11] [12] and the faint first sound of myocardial infarction has been regarded as an example of this relationship. 13 " 15 While Wiggers 15 correlated first sound intensity with the intraventricular systolic tension developed during isometric contraction, any relationship to stroke volume was denied. More recently, Weissel 10 and Weissel et al., 17 ' 1S using autonomic drugs, restudied the problem in man. They noted a relationship between the calculated rate of rise of ventricular systolic pressure* and the first heart sound. Gmachl 19 -20 * Assuming a zero end diastolic pressure, the systolic pressure rise was divided by the first sound to carotid pulse rise interval, corrected for delay by subtracting the second sound to carotid dicrotic notch interval. made similar studies in the dog but used cardiac catheterization and other techniques to obtain more precise data. He found a correlation between the calculated rate of rise of ventricular pressure during isometric contraction (rise of isometric pressure divided by the duration of isometric contraction) and the amplitude of the first heart sound.
Interpretations of studies of valve closure in isolated hearts 21 While Luisada et al. 82 confirmed the earlier findings of Dock, 1 they also found that it is impossible to alter valvular function without changing ventricular dynamics. Rushmer and co-workers 88 showed that the mobility of the mitral cusps is restrained by the chordae tendineae throughout the cardiac cycle. Three different groups have demonstrated that the first major vibration of the first heart sounds starts after valve closure. 8 ' "• 84> 8B Also, atrial activity alone has been shown to be sufficient to close the mitral valve in dogs with heart block. 80 Thus it was considered likely that the rise of ventricular pressure per se was responsible for throwing into vibration the entire system of valves, blood, and walls ("cardiohemic system" of Rushmer. 87 ) Moreover, it seems that the low pressure right ventricular pump contributes little to the first sound. 0 ' 85 Also the various components of the first heart sound exhibit a remarkable coincidence with the timing of the waves in the LVPD. 9 The results of the present study confirm the existence of a significant delay between the start of the rise of left ventricular pressure and the first major component of the first heart sound. The effects of pulmonary artery occlusion support previous observations that the contribution of the right ventricle to the first sound is negligible under normal conditions, The finding that the amplitude of the right intraventricular first sound changed mostly, as did peak LVPD (rather than RVPD), seems to support the concept of Wiggers 38 that such vibrations cannot be attributed to any single cardiac structure. Also the remarkable linear relationship between peak LVPD values and amplitudes of the first sound seems to provide additional evidence favoring the "tension" hypothesis. The absence of any significant deviation from this relationship throughout the various procedures seems to exclude variations of valvular position at the onset of systole and differences of valvular excursion during closure as contributory factors. Dock's demonstration, 31 that the sound pressure (in decibels) of the vibrations, evoked from various cardiac tissues, is proportional to the peak force applied, provides a basis for the present results. The consistent relationship between amplitude of the first sound and the peak LVPD throughout a wide range of systolic pressures and procedures known to alter volume and cardiodynamics seems to exclude peak systolic pressure, wall tension (Laplace effect 30 ), or peak isometric tension 15 per se as significant factors. First sound amplitude seems more properly related to rate of change in wall tension and quantitatively to the peak rate of change in wall tension. 40 Rushmer has hypothesized that the heart sounds are caused by accelerations and decelerations. 87 The left ventricular pressure may be regarded as the manifestation of contractile force which, except for the resistance offered, would have accelerated the blood into the aorta. Prevented from this by the closed valves, the intraventricular blood mass is instantaneously decelerated. Thus the contractile energy tending to accelerate the blood is converted to the potential energy of pressure during isometric contraction. The intraventricular pressure then transcribes, or follows, the development of contractile force, and the first derivative of left ventricular pressure transcribes the rate of development of left ventricular contractile force. Rate of force development is an expression of power. Maximal LVPD (dp/dt) values are reached Citcidnion Ris-rch, Vol. XVI, ]*nu*rj 1963
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before the onset of ejection and have been used as an index of myocardial power capability (contractility). 40 ' 41 However, these contractile forces act through elastic structures. 4 2 As tension or stretch has been shown to induce sonic vibrations," 1 it seems logical that the main vibratory component of the first sound starts with the rapid development of this tension. Moreover, stretch of elastic elements will delay the transfer of this force to the intraventricular blood mass thus delaying inscription of the LVPD maximum. Thus the sound amplitude is proportional to the forces involved even though the manifestation of pressure is delayed in time until the sonic vibrations of this component have ceased. 9 The close correlation observed between first sound amplitude and peak LVPD tends to confirm earlier associations of first sound intensity with the vigor of contraction, 10 " 12 and then with the rate of rise of ventricular pressure. 1* ' 20 The Sanborn dynamic microphone used here has a slope of 6 db per octave. 43 It is basically a velocity sensor in contrast to most microphones which have a flat response to displacement (pressure). The energy content or intensity of a sonic vibration is proportional to the frequency squared, times the amplitude squared. 15 ' 81 Thus an accelerometer might be the best instrument for correlation of-absolute values. The fact that the peak-to-peak amplitudes obtained with our microphone should be proportional to the root mean square of acceleration may account for the present results. Absolute correlation of values will also require a practical method of measuring transthoracic attenuation. 4 " These factors together with the effect of abnormal changes in myocardial mass require clarification before the above relationships can be applied to man.
The authors realize fully that the correlation between amplitude of the first sound and peak of the first derivative of left ventricular pressure can be interpreted in two ways: (a) a correlation implying vibrations of the already closed mitral valve; or (b) a correlation implying vibrations of all left ventricular CirciUtion Rtstrcb, Vol. XVI, Inusry 196) structures including the closed mitral valve. Hypothesis (b), which is consistent with Wiggers' belief, seems the more logical at the present time.
Summary
The relationships between the amplitude of the first heart sound and various hemodynamic parameters and their analog functions were systematically investigated in 51 dogs under morphine and pentobarbital anesthesia. Simultaneous hemodynamic and phonocardiographic tracings were obtained by cardiac catheterization, high speed recording, and analog computers. Changes in cardiodynamics were induced by: Z-epinephrine, levarterenol, phenylephrine, isoproterenol, methoxamine, veratrine, vasopressin, histamine, atropine, saline infusion, mechanical obstruction of the aorta, pulmonary artery, or both venae cavae, embolization of the coronary arteries with plastic microspheres, mechanical rupture of aortic valve leaflets, or hemorrhage. In this way, the relationships were examined over a wide range of pressures, volumes, and cardiodynamics. The results showed that the amplitude of the first sound is not directly related to stroke output, P-R interval, heart rate, end diastolic, or systolic ventricular or aortic pressures. Only the peak rate of rise of left ventricular systolic pressure (first derivative maximum) had a consistent relationship to first sound amplitude. The right ventricle seems to contribute very little to the external first sound. These observations suggest that the amplitude of the first sound is related to left ventricular contractility.
